The degradation of p-nitrophenol (PNP) by Moraxella and Pseudomonas spp. involves an initial monooxygenase-catalyzed removal of the nitro group. The resultant hydroquinone is subject to ring fission catalyzed by a dioxygenase enzyme. We have isolated a strain of an Arthrobacter sp., JS443, capable of degrading PNP with stoichiometric release of nitrite. During induction of the enzymes required for growth on PNP, 1,2,4-benzenetriol was identified as an intermediate by gas chromatography-mass spectroscopy (GC-MS) and radiotracer studies. 1,2,4-Benzenetriol was converted to maleylacetic acid, which was further degraded by the I-ketoadipate pathway. Conversion of PNP to 1,2,4-benzenetriol is catalyzed by a monooxygenase system in strain JS443 through the formation of 4-nitrocatechol, 4-nitroresorcinol, or both. Our results clearly indicate the existence of an alternative pathway for the biodegradation of PNP.
Bacteria can oxidatively remove nitro groups from o-nitrophenol (14, 15) , m-nitrophenol (15) , and p-nitrophenol (PNP) (10) (11) (12) . A Pseudomonas putida strain converts o-nitrophenol to catechol, which subsequently undergoes ortho ring fission to cis,cis-muconic acid (15) . This strain of P. putida also releases nitrogen from m-nitrophenol as the ammonium ion through a separate, reductive enzymatic reaction. Raymond and Alexander (10) suggested that a Flavobacterium sp. converted PNP to 4-nitrocatechol as the first step in complete degradation. Mitra and Vaidyanathan (7) reported the purification and characterization of a p-nitrophenol-2-hydroxylase enzyme for conversion of PNP to 4-nitrocatechol from a Nocardia sp. In another study, hydroquinone and 1,2,4-benzenetriol were detected as intermediates during PNP degradation by a pseudomonad (8) but no experimental evidence was provided. Very recently, Hanne et al. (5) presented evidence that 4-nitrocatechol was produced from PNP by Nocardia cells induced with phenols.
PNP is converted to hydroquinone with simultaneous release of nitrite through an NADH-dependent monooxygenase reaction in a Moraxella sp. (11, 12) ; hydroquinone is then degraded via y-hydroxymuconic semialdehyde, maleylacetic acid, and 3-ketoadipic acid. Although a dioxygenase that catalyzed ortho ring fission of 1,2,4-benzenetriol was found in this organism, no evidence to support this compound as an intermediate in the pathway was found (11) . Formation of 1,2,4-benzenetriol followed by ortho ring fission has been observed during degradation of dihydroxyaromatic compounds by certain pseudomonads (2-4).
Although several studies provide some evidence for the presence of intermediates in the degradation of nitrophenols, the study with the Moraxella sp. (11) is the only one which details the complete pathway for mineralization of PNP including the release of the nitro group. In this report we describe an alternative pathway for the degradation of PNP by an Arthrobacter sp.
The bacterial strains used in this study are listed in Table 1 .
Bacteria were grown in minimal medium (9) described previously (9, 12). 4-Nitroresorcinol was synthesized by base hydrolysis of 4-nitro-1,3-dimethoxy benzene, and the purity of the product was determined by high-pressure liquid chromatography (HPLC) and gas chromatography-mass spectrometry.
Strain JS443 grew on PNP, 4-nitrocatechol, and 1,2,4-benzenetriol but not on 4-nitroresorcinol or hydroquinone ( Table  1 ). Revertants that regained the ability to grow on PNP also regained the ability to grow on 4-nitrocatechol and 1,2,4-benzenetriol. Revertants were obtained from strains JS345 and JS347 at a frequency of 10-5 to 10-6. No reversion was detected (<10-p) with strain JS1490. These preliminary results suggested that 4-nitrocatechol and 1,2,4-benzenetriol but not hydroquinone or 4-nitroresorcinol might be involved in the degradation pathway for PNP in strain JS443. PNP, 4-nitrocatechol, 4-nitroresorcinol, and 1,2,4-benzenetriol stimulated rapid oxygen uptake by washed cells of strain JS443 grown in the presence of PNP ( Table 2 ). None of the nitroaromatic compounds were oxidized by cells grown on succinate in the absence of PNP. 4-Nitrocatechol and 4-nitroresorcinol also served as inducers, but levels of activity were much lower. None of the nitroaromatic compounds were oxidized by mutant strains, whereas revertants gave results similar to those of the wild type (data not shown). PNP-or 4-nitrocatecholinduced cells of strain JS443 did not release nitrite from PNP under anaerobic conditions; this suggests that the initial reactions are catalyzed by an oxygenase(s).
Extracts of strain JS443 grown in the presence of PNP displayed high rates of oxygen uptake with 1,2,4-benzenetriol but not with PNP, 4-nitrocatechol, 4-nitroresorcinol, or hydroquinone (data not shown). When the reaction was monitored spectrophotometrically, the absorbance peak at 286 nm which is characteristic of 1,2,4-benzenetriol disappeared and a new (Fig. 1) . 4 -Nitrocatechol was detected transiently in the culture fluid early in the induction period and then disappeared concomitantly with the onset of nitrite release and PNP degradation. These results suggest that the initial reaction converts PNP to 4-nitrocatechol. (ii) When washed, PNP-induced cells of strain JS443 were incubated with m-nitrophenol, the solution became dark yellow. The yellow compound slowly disappeared during further incubation. Reaction of the yellow compound, extracted from culture fluid, with concentrated NaOH yielded a purple solution, which is a characteristic of nitrohydroquinone (10) . The mass spectrum and nuclear magnetic resonance spectrum of the compound were identical to those of authentic nitrohydroquinone (standard nitrohydroquinone was kindly supplied by Hiltrud Lenke, Fraunhofer Institut fur Grenzflachen-und Bioverfahrenstechnik, Stuttgart, Germany). Furthermore, washed, PNP-induced cells of strain JS443 also converted p-chlorophenol to 4-chlorocatechol (unpublished data), indicating a monooxygenase reaction. These results indicate that at least one monooxygenase enzyme able to hydroxylate substituted phenols is induced during growth on PNP. (iii) Stoichiometry of oxygen consumption and substrate utilization were measured with PNP-induced cells of the mutant strain JS1490. The oxidation of PNP to 1,2,4-benzenetriol required 2.18 ± 0.23 mol of oxygen per mol of substrate, whereas the oxidation of 4-nitrocatechol to 1,2,4-benzenetriol required 1 monas sp. (13) . In contrast, monooxygenase-catalyzed elimination of nitrite was involved in the degradation of PNP by a Moraxella sp. (11, 12) . The Arthrobacter strain studied here appears to use the monooxygenase reaction because it is clear that the system converts both 4-nitrocatechol and 4-nitroresorcinol to 1,2,4-benzenetriol. Attempts to obtain active cellfree preparations of the responsible enzyme are currently in progress.
We Results presented here indicate that the initial reaction in the catabolism of PNP by Arthrobacter sp. strain JS443 is a monooxygenase-catalyzed hydroxylation of the ring at either the 2 or the 3 position. The product of the initial reaction, either 4-nitroresorcinol or 4-nitrocatechol, undergoes an oxygenase-catalyzed removal of the nitro group with formation of 1,2,4-benzenetriol (Fig. 2) . The 1,2,4-benzenetriol undergoes ortho ring fission to maleylacetic acid, which can be readily degraded via P-ketoadipic acid (3, 11, 12) . The evidence for the proposed pathway is as follows. The experiments with radiolabelled PNP and accumulation of 1,2,4-benzenetriol by the mutant strain clearly indicate that 1,2,4-benzenetriol is produced during PNP degradation. Induction by PNP of enzymes for oxidation of 4-nitrocatechol, 4-nitroresorcinol, and 1,2,4-benzenetriol suggests that these substrates are intermediates in the catabolic pathway. Studies with cell extracts clearly show that an inducible dioxygenase enzyme catalyzes the subsequent conversion of 1,2,4-benzenetriol to maleylacetic acid.
We were not able to determine rigorously whether 4-nitrocatechol or 4-nitroresorcinol was the product of the initial oxidation of PNP. Both were readily degraded by cells grown on PNP and both could be converted to 1,2,4-benzenetriol by the mutant strain JS1490. However, failure of 4-nitroresorcinol to serve as a growth substrate and 4-nitrocatechol accumulation during induction of the enzymes for PNP catabolism strongly suggest that 4-nitrocatechol is the main product of the first reaction. We were unable to carry out the radioactive trapping experiments with 4-nitrocatechol and 4-nitroresorcinol because they were toxic to the cells. It is possible that both compounds can be produced by the initial monooxygenase. Rigorous confirmation must await the results of cloning and enzyme purification experiments currently in progress. The fact that hydroquinone was not oxidized by PNP-induced strain JS443 ( Table 2 ) strongly suggests that hydroquinone is not a significant intermediate in PNP degradation.
Dioxygenase-catalyzed elimination of nitrite has been reported in the biodegradation of 2,4-dinitrotoluene by a Pseudo-
